Epitaxial growth of single crystalline noble metals on dielectric substrates has received tremendous attention recently due to their technological potentials as low loss plasmonic materials.
is not applicable to growing thin epitaxial films. Here we report a universal approach to grow atomically smooth epitaxial Ag films with precise thickness control from a few monolayers to the optically thick regime, overcoming the limitations of the two aforementioned methods. In addition, we develop an in-situ growth of aluminum oxide as the capping layer which exhibits excellent properties protecting the epitaxial Ag films. The performance of the epitaxial Ag films as a function of the film thickness is investigated by directly measuring the propagation length of the surface plasmon polaritons (SPPs) as well as their device performance to support a waveguide plasmonic nanolaser in infrared incorporating an InGaAsP quantum well as the gain media.
Text:
Epitaxial growth of noble metals on semiconductors (or insulators) is fundamentally different from conventional semiconductor/semiconductor or metal/metal epitaxy due to the dramatic surface energy differences between noble metals and semiconductors. The thermodynamic tendency is to form 3D islands to minimize the surface area/volume ratio. This is the reason that even when atomically clean single crystalline semiconductor substrates are used, 3D islands are formed under typical growth conditions.
The first breakthrough came in 1996 when Smith et al demonstrated the growth of an epitaxial
Ag film on a GaAs substrate using a 2-step procedure involving (a) a low temperature (LT, ~100K) depositing, followed by (b) a room temperature (RT) annealing. 1 The LT deposition quenches the atom diffusion, leading to a high density compact nanocluster film (cluster size ~ 2 nm). The RT annealing allows the Ag atoms to be mobile again, leading to the smoothening of the Ag (111) surface which is a low surface energy surface. Note that in step (b), the formation of large 3D
islands is kinetically blocked since it requires moving a large number of atoms over a long distance.
By repeating such a 2-step process, one can achieve growth of Ag films of a moderate thickness (25 -45 nm). 2, 3 With proper capping, Lu et al used such an atomically smooth Ag film to realize the first continuous wave (CW) operation of low threshold plasmonic nanolasers in 2012. 2 Since in each 2-step cycle, only a few nm (typically 4 or 5 nm) are grown and each cycle takes several hours (due to cooling and warming), such an elaborate procedure becomes totally impractical to grow optically thick film (> 150 nm) which is desirable for many applications.
To grow optically thick films (e.g. submicron thick films), an alternative approach has been adopted. 4 In this approach, a very rapid deposition rate (typically > 1 nm/sec using e-beam deposition) is used while the sample is held at a moderately high temperature (e.g. 300 °C). 5, 6 The very high deposition rate can effectively increase the nucleation density, preventing 3D island coarsening. The high sample temperature enhances the atom mobility thus enhancing the smoothening efficiency. This approach is based on a balancing act. The key is achieving a high nucleation density to form a compact film without the formation of large 3D islands. At a fixed deposition rate, if the sample temperature is higher, the nucleation density would be lower and it becomes difficult to form a compact film. Thus, at a higher growth temperature, higher deposition rate is required to maintain the required nucleation density for compact film growth. In this approach, there is likely a minimum thickness (several hundreds of nm) for the formation of compact films. For many advanced applications, precise control of the film thickness from a few to a few hundreds of nm would be necessary.
In order to overcome the limitation of the aforementioned two approaches, here we develop a universal approach, capable to growing epitaxial, atomically smooth Ag films on a Si substrate from a few monolayers to the optically-thick regime by eliminating the repetitive procedures required in the first approach 2, 3, 7 and by increasing the growth rate. This new approach features a moderately high-rate deposition with the sample held at room temperature, followed by a hightemperature-annealing process. An optically-thick (300 nm), atomically smooth, single-crystalline Ag film can be grown in one cycle. We apply a whole range of characterization tools including scanning tunneling microscopy (STM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), spectroscopic ellipsometry, and a direct measurement of surface plasmon polariton (SPP) propagation distance. Finally, we use such an optically thick Ag film to demonstrate a plasmonic nanolaser at the communication wavelength (1.3 microns) using a metalinsulator-semiconductor (MIS) waveguide structure.
Atomically clean Si (111) surfaces are prepared following the standard procedure (see experimental methods, Part 2.1 of supporting information). A reflection high-energy electron diffraction (RHEED) pattern shown in Figure 1a confirms the well-known 7 × 7 reconstructions on the Si (111) surface. After that, Ag is evaporated onto the Si substrate at RT with a deposition rate of about 3 nm/min, which is about 30 times faster than that adopted by the previous two-step method to grow epitaxial Ag films. After the growth, the Ag film is transferred to a molybdenum heater equipped with tungsten filaments in the same MBE chamber for in-situ annealing. The annealing temperature is kept at 500 ºC for half an hour (the chamber vacuum is kept below 1 × 10 -9 Torr during the annealing process). The post-growth films are studied by the in-situ scanning tunneling microscopy (STM).
After annealing, the thick Ag film surface demonstrates atomic-scale surface flatness, as evident from the triangular atomic-layer terraces shown in the STM images for 150 nm ( Figure 1d ) and 300 nm (Figure 1e ) films, respectively. Statistical analysis of surface height distributions is shown in Figure 1f . We also explore the annealing effect at different temperatures and find out that annealing at 500 ºC yields an optimal surface quality according to STM studies (Supporting Information, Figure S1 ).
To protect the surface of the epitaxial Ag film before taking it to the ambient environment, we develop an in-situ growth of a dense aluminum oxide layer. The method entails first epitaxial growth of 7 ML (~1.6 nm) Al on top of Ag, followed by exposure to high purity oxygen under 1. shown in Figure 2a combined with a higher atom number ratio of oxygen to aluminum (data not shown) suggests that our oxidization method (in-situ oxidation by high purity oxygen gas in a vacuum chamber) guarantees adequate oxidization and the formation of a compact capping layer.
This property plays a key role to maintain the optical performance of Ag-based plasmonic devices.
After the in-situ oxidation of Al, we tested the crystalline quality and the surface roughness of the capped epitaxial thick Ag film by X-ray diffraction (XRD) analysis and atomic force microscopy (AFM), respectively. Figure 3a shows the XRD analysis performed on the 300 nm epitaxial Ag film and only one diffraction peak at 38.2º is observed in the 2θ scan (30º−80º), which arises from the Ag (111) crystal plane. The full-width at half maximum (FWHM) of the Ag (111) peak is about 0.2º, suggesting a good crystallinity of the thick Ag film eliminating structural defects including surface roughness and disordered crystal grain boundaries. The capped film retains the atomically smooth surface, as confirmed by the atomic force microscopy (AFM) shown in Figure 3b (for a 150 nm-thick Ag film) and 3c (300 nm thick Ag film). The triangular islands shown in AFM images resembles the terraces observed in the STM image (Figure 1d and 1e) before the in-situ AlOx capping. For comparison, we also deposit both a 150 nm and a 300 nm thick Ag film using a conventional thermal evaporator (Denton, base pressure 2.0 × 10 -6 Torr, deposition rate ~ 3 nm/min) and their AFM images are shown in Figure 3d and 3e. By comparing the root-mean-square (RMS) roughness of the epitaxial Ag film (300 nm) with that of the polycrystalline one, the former presents a RMS value (0.42 nm, Figure 3c ) an order of magnitude smaller than that of the thermal one (4.5 nm, Figure 3e ). According to the STM and AFM studies, both the 150 nm and 300 nm films shows a surface morphology as smooth as the one grown by the earlier reported elaborate two-step method.
2, 3
We also carry out spectroscopic ellipsometry (SE) measurements (supporting information, Part 2.2 and Figure S2 ). Indeed, the 2 data exhibit approximately a factor of 1.5 reductions in the visible frequency range than the widely cited Johnson and Christy data. 8 To confirm the reduced loss, we directly measure the SPP propagation length by measuring the white light interference pattern between two nanogrooves (see schematic and SEM image of the sample in Figure 4a and 4b). 9, 10 Shown in Figure 4c is the scattering spectrum for a double-nanogroove structure fabricated on a 300 nm film with a groove distance of 10 μm. The inset shows a dark-field image of the double-nanogroove structure. The interference spectrum can be fitted to determine the frequency dependence of the SPP propagation length as shown in Figure 4d . At 632 nm, the SPP propagation length is ~77 m and it reaches ~120 m at 700 nm. The ultra-long SPP propagation length provides additional evidence for the superior properties of the epitaxially grown thick Ag films.
More detailed description and additional measurements for different groove structures can be found in supporting information (Part 2.3 and Figure S3 ).
To demonstrate the potential of these films in photonic applications, we fabricated a series of metal-insulator-semiconductor (MIS) waveguide nano-lasers operating at the telecom wavelength Since the thickness of Ag film plays a critical role in preventing radiation leakage into the substrate for the MIS structure at telecom wavelength (the SPP skin depth into the metal at telecom wavelength is significantly larger than that in the visible range), we investigate how the radiation energy of the fundamental SPP mode leaks into the Si substrate by plotting the electric field maps of the MIS structure with different Ag film thicknesses. For the MIS structure with a 50 nm Ag film, a considerable amount of radiation energy is observed to leak into the Si substrate ( Figure   6a , log scale); for the case of 150 nm Ag film, however, no leakage into the Si substrate is visible (Figure 6b , log scale), suggesting that the 150 nm Ag film is thick enough to prevent radiation leakage into the substrate. This comparison is consistent with the observation that the MIS structure with a 150 nm Ag film presents significantly improved PL emission with respect to that with a 50 nm Ag film shown in Figure 5a .
In order to compare clearly our growth method with previous works to get high quality Ag films, we summarize in Table 1 several main growth conditions (including substrate temperature and deposition rate) and key parameters reflecting the crystalline quality and optical performance of Ag films, such as the measured surface roughness and SPP propagation length. As mentioned above, our rapid MBE growth method features a moderate control of the epitaxial deposition rate and an in-situ surface passivation technique which is crucial for the robust performance of Ag nanostructures. As shown in Table 1 , the moderate deposition rate (3 nm/min) overcomes the difficulty to obtain optically thick Ag film using traditional tedious MBE approach (0.1 nm/min)
while guarantees a precise control of the film thickness hardly achievable by fast sputtering or thermal growth method (~100 nm/min). We used our new procedure to grow atomically smooth films with thickness ranging from 20 nm to 300 nm. To achieve good growth of a few atomic layers epitaxial film, we need to follow the original recipe for low temperature growth followed by room temperature annealing 2, 3 . Moreover, the atomically smooth passivation surface and high crystalline quality of Ag films by the rapid MBE growth method provides superior optical performances with a notably long SPP propagation length ( Figure S3 ). In conclusion, we report a new approach to grow atomically smooth, single-crystalline, and optically thick Ag films achieved at a moderately high deposition rate (~3 nm/min). We demonstrate that the capability to achieve optically thick films with good epitaxial quality is critical for achieving the low-threshold, telecom wavelength plasmonic lasing based on a MIS waveguide. We expect that this radically improved production efficiency of single-crystalline, thick Ag films to greatly expand their applications in plasmonic integrated circuits. 
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Part 2.2 Spectroscopic ellipsometry (SE) measurement
In order to explore further the intrinsic property of the thick Ag films, we performed spectroscopic ellipsometry (SE) measurement and analysis on a 300 nm Ag film capped by 7 ML oxidized Al. As shown in Figure S2 , the fitted dielectric constants of the thick Ag film are also plotted against the data from a much thinner epitaxial Ag film (45 nm)
grown by the elaborate two-step method 1, 2 and the data compiled by Johnson and Christy. 3 The extracted values of ε2 for the thick Ag film (red solid) are smaller than the JC data (red line-circle) within the whole visible frequency range due to reduced scattering loss from grain boundaries and surface roughness. We note, however, that these values are still slightly larger (15% larger at 550nm) than that of the thin epitaxial Ag film (red dashed) at wavelengths longer than 460 nm, which may be due to a less smooth metal surface of the much thicker Ag film. Shown at the bottom of Figure S3 are the fitting residues (differences between the calculated and experimental effective optical constant) which are small and centered around zero, suggesting a good fit between the chosen model and the measured data. The real part of dielectric constants is represented by blue curves and imaginary part by red curves. The fitting residues of the measured imaginary part for the thick film are also shown at the bottom.
More details of spectroscopic ellipsometry (SE) measurement
The SE measurements shown in Figure 
Part 2.3 Measurement of SPP propagation length
In order to demonstrate the low-loss optical property of the epitaxial Ag film grown using our method, the SPP propagation length in the visible frequency range is measured using the white-light interference (WLI) method, 4 as shown in Figure 4 
